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The conservation of weathered historic sandstone with apatite was studied. Based on the growth mechanism of bone, calcium and 
phosphorus were introduced into weathered sandstone and then mineralized at room temperature. The conservation efficiency was 
investigated by scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX), transmission electron mi-
croscopy (TEM), selected area electron diffraction (SAED), X-ray diffraction (XRD), and compressive strength, capillary water 
uptake, water vapor permeability and weather resistance tests. The SEM, EDX, TEM, SAED and XRD results showed that the 
produced hydroxyapatite could reunite the weathered stone blocks and provide sufficient reinforcement to hold them together. The 
results of the various tests indicated that the compressive strength and weather resistance of the treated samples was improved 
significantly. In addition, because of the porous nature of apatite, the water vapor permeability of the treated stone was not affect-
ed and its breathability was maintained.  
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Carbonate cement is extensively distributed in the sandstone 
cultural relics of China [1–3]. Its content in these historic 
sandstones is usually as high as 10%, and sometimes is even 
up to 20% [4]. Carbonate is susceptible to weathering and 
can be corroded by carbon dioxide in the presence of water 
[5]. Acidic air pollutants such as sulfur dioxide [6] and ni-
tric oxide [7] increase the rate of corrosion of stone relics 
[8]. The loss of carbonate cement leads to the decay of val-
uable sandstones; they become porous, loose and even dis-
aggregated [9]. Serious damage has been observed at the 
Yungang [10], Longmen [11], Baodingshan [12] and 
Longyou Grottoes [13]. 
In the past, polymeric resins such as silicones [14], 
acrylic resins [15], and fluorinated polymers [16] have often 
been employed as consolidants to conserve sandstone relics. 
However, these materials either provide insufficient protec-
tion, exhibit poor weatherability, or both [17]. Polymeric 
resins are not stable enough to preserve sandstone relics. 
They degrade rapidly in the open air because of microor-
ganism attack [18], and thermal- [19] and photo-aging [20]. 
In addition, polymeric resins are not compatible with the 
historic stones [21], which are inorganic in nature. In most 
cases, polymeric materials strongly reduce the water per-
meability of treated stones. As a consequence, water con-
densation and the accumulation of harmful agents inside the 
stone can occur, resulting in the dissolution of minerals, 
growth of bacteria, exfoliation, cracks, and detachment of 
the underlying matrix [22]. Therefore, synthetic organic 
polymers are no longer considered suitable materials to 
preserve historic stones [23].  
Inorganic consolidants including sodium silicate, ethyl 
silicate and a colloidal suspension of silica have been used 
to preserve sandstone relics [24]. These consolidants can 
reduce the porosity of the material, making it more compact 
and less susceptible to the effects of water. In addition, be-
cause of the nature of silicon, these consolidants have better 
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compatibility with sandstone than polymeric resins. How-
ever, soluble salts from silicate could cause weathering of 
sandstone relics [25].   
In this paper, weathered historic sandstone is conserved 
with apatite. Similar to the growth mechanism of animal 
bones, calcium (dispersion of lime hydrate in alcohol) and 
phosphorus (ammonium phosphate) were introduced into 
the weathered stone and then mineralized at room tempera-
ture. After mineralization, a kind of porous, interlinked apa-
tite phase is produced that can reunite broken sandstone 
blocks to conserve valuable relics. 
1  Experimental 
1.1  Materials 
A. R. grade calcium oxide (CaO), Vaseline, 1-propanol and 
ammonium phosphate ((NH4)3PO4) were used without fur-
ther purification. The simulated test blocks of weathered 
moderate-grain sandstone (cylinders that were 3.0 cm high 
and 5.0 cm in diameter) were made according to a method 
described in the literature [26]. An evenly blended mixture 
of CaCO3 powder (5 g), mid sand (45 g) and deionized wa-
ter (6.0 mL) were added into a cylinder shaped mold, and 
then a hammer was dropped 12 times from a height of 277 
mm to compress the sample. The obtained test blocks were 
stored at 25°C and 605% humidity for 7 d prior to use.  
1.2  Preparation and characterization of the dispersion 
of lime hydrate 
Lime hydrate was prepared as follows: calcium oxide pow-
der was added to distilled water (the mass ratio of calcium 
oxide to water was 1:5) with agitation and the slaking tem-
perature was held at 80±10°C. The obtained lime putty was 
stored for 6 months in an airtight container before use.  
A dispersion of lime hydrate in 1-propanol was prepared 
in a rotary evaporator. First, the lime hydrate was enriched 
at a temperature of 80°C. When a ratio of Ca(OH)2/H2O= 
0.6 was reached, 1-propanol was added to give a suspension 
with a final concentration of 10 g/L.  
1.3  Conservation of simulated stone test blocks  
The dispersion of lime hydrate in 1-propanol (10 g/L, 25 
mL) was introduced into the test blocks by spraying. After 
the introduction of calcium, ammonia phosphate solution 
(10.0%, 25 mL) was sprayed into the test blocks. The test 
blocks treated with lime hydrate and ammonia phosphate 
were stored at 25°C and 805% humidity for 2 weeks prior 
to testing. 
1.4  Physicochemical characterization 
The morphologies of the samples were observed by scan-
ning electron microscopy (SEM, FEI SIRION-100, USA) 
and transmission electron microscopy (TEM, FEI 
TECNAIG-F20, USA). The crystal structures of the sam-
ples were investigated by X-ray diffraction (XRD, AXS D8 
ADVANCE, German) using Cu Kα radiation (λ=1.54 Å), at 
40 kV and 40 mA. The absorbance of the dispersion of lime 
hydrate, A, was measured at 600 nm using an ultravio-
let/visible spectrophotometer (Varian Cary 100, USA) im-
mediately after the dispersion of lime hydrate was prepared. 
The relative kinetic stability of the dispersion was defined 
as ξ, which was calculated using eq. (1) [27]: 
 ξ={1−[(At=0−At)/At=0]}×100%.  (1) 
1.5  Assessment of the conservation efficiency 
The conservation efficiency of the consolidant was esti-
mated by compressive strength, capillary water uptake, wa-
ter vapor permeability and weather resistance tests. The 
compressive strength was determined with a hydraulic uni-
versal testing machine (YC-125B, Shanghai, China). During 
the test, the pressure loading rate was 0.01 MPa/s. The ca-
pillary water uptake was determined according to the 
method described in the National Standard JGJ/T70-2009 
[28]. The water vapor permeability was determined using 
the wet cup method: first, the test block was placed on a 
glass cup containing distilled water and sealed with Vase-
line. The air gap between the base of the test block and the 
water was 10 mm. The glass cup with the sealed test block 
was then placed in a humidistat at a relative humidity of 
50% and weighed every 24 h until steady state vapor trans-
mission was achieved. Weather resistance experiments were 
carried out using the method described in the National 
Standard JGJ/T70-2009, Part 11 [28]: a test block was im-
mersed in saturated NaCl solution at 20°C for 4 h, and then 
frozen at −15°C for another 4 h. These steps were repeated 
until the test blocks were obviously destroyed.  
2  Results and discussion 
2.1  Preparation of the dispersion of lime hydrate  
SEM images of the prepared lime hydrate are presented in 
Figure 1. The size of the lime hydrate particles is in the 
range of ~150–700 nm. This kind of submicron lime hy-
drate particle can also be synthesized by hydrolysis of 
CaCl2 with aqueous NaOH [29]. However, this hydrolysis 
reaction is hard to control and removing the NaCl produced 
is very troublesome [30]. The XRD results (Figure 2a) in-
dicate that the prepared lime hydrate is predominantly crys-
talline Ca(OH)2 (portlandite) [31]. Calcium carbonate, 
which is often presented as a consequence of carbonation in 
the hydrolysis method [32], was not observed.  
The kinetic stability of dispersions of lime hydrate in 
1-propanol and water is presented in Figure 3. The disper-
sion of lime hydrate in water is not stable (Figure 3a). In  
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Figure 1  SEM images of the prepared lime hydrate particles. 
 
Figure 2  XRD patterns of: a, the prepared lime hydrate; b, the inter-
locked structure. 
 
Figure 3  Kinetic stability of dispersions of lime hydrate in: a, water; b, 
1-propanol. 
contrast, the dispersion of lime hydrate in 1-propanol is sta-
ble for more than 16 h (Figure 3b). This is attributed to the 
small dimensions of the particles and hydrophobic interac-
tions that prevent sedimentation and aggregation of the lime 
hydrate particles [33]. 
2.2  Conservation of sandstone test blocks 
Figure 4a shows the cross-sectional morphology of the 
weathered sandstone, which exhibits a broken, rough ap-
pearance. Figure 4b shows the cross-sectional morphology 
of the weathered sandstone treated by the dispersion of lime 
hydrate. After treatment, the holes and cracks in the weath-
ered stone were filled with lime hydrate particles. Lime wa-
ter [34] and calcium bicarbonate solution [35] have previ-
ously been used as consolidants for weathered historic 
stones. The consolidation mechanism lies in the carbonation 
reaction (2) of calcium hydroxide or the decomposition re-
action of calcium dicarbonate (3): 
 Ca(OH)2+CO2= CaCO3+H2O (2) 
 Ca(HCO3)2 =CaCO3+CO2+H2O (3) 
However, because of the low solubility of calcium hy-
droxide and calcium bicarbonate, the amount of calcium 
introduced is limited and the calcium carbonate produced by 
these methods often exists as isolated particles [34,35] ra-
ther than as a continuous carbonate phase. Obviously, iso-
lated particles can only act as fillers and are unlikely to pro-
vide sufficient consolidation. Because of its higher calcium 
content and stability, the dispersion of lime hydrate in al-
cohol is a better calcium carrier and pore filler than an 
aqueous calcium solution. However, it is not an efficient 
consolidant either because the particles do not form a con-
tinuous phase.  
After the introduction of the dispersion of lime hydrate, 
the weathered sandstone test blocks were treated with am-
monia phosphate. Two weeks later, the test blocks were cut 
into slices and investigated. The cross-sectional morphology 
of these treated test blocks is presented in Figure 4c,d. After 
treatment with both calcium and phosphate, a porous and 
interlocked structure is produced (Figure 4c). Because of 
this interlocked structure, the broken sandstone blocks are 
reunited (Figure 4d). The composition of the interlocked 
structure was characterized by EDX. EDX results show that 
it is composed of Ca, P, and O, and the molar ratio of Ca/P 
is 1.67 (Table 1), which is equal to the Ca/P ratio of    
hydroxyapatite. A high resolution TEM image and SAED  
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Figure 4  Cross-sectional SEM images of test blocks. a, Untreated; b, treated with a dispersion of lime hydrate; c and d, treated with the biomimetic method. 
Table 1  EDX analysis of the interlocked structure 
Element Wt (%) At (%) 
O 37.33 57.72 
P 19.77 15.78 
Ca 42.90 26.50 
 
pattern of the interlocked structure were also obtained (Fig-
ure 5). The treated sample possesses a sheet-like morphol-
ogy. There are distinct diffraction rings in the SAED pattern, 
indicating that the sheet-like structure is completely poly-
crystalline. Its crystal parameters (4.702, 3.448, 2.297, 
1.875 and 1.486 Å) are consistent with those of hydroxyap-
atite (4.709, 3.441, 2.296, 1.871 and 1.474 Å) [36]. The 
characteristic diffraction peaks of hydroxyapatite can be 
easily distinguished in the XRD patterns (Figure 2b) of the 
interlocked structure. From these results, the composition of 
the interlocked structure is hydroxyapatite [37], the most 
stable phosphate in nature [38]. Analytical results obtained 
using the Jade program [39] indicate that the crystallinity of 
the hydroxyapatite crystals is 90.727%, which is consistent 
with the SAED results. Hydroxyapatite forms through the 
metasomatic reaction of lime hydrate and phosphate. Ac-
cording to previous studies, the metasomatic reaction is a 
dissolution-recrystallization process [40]. The related reac-
tions are 
 Ca(OH)2→Ca2++2OH−  (4) 
 5Ca2++3PO4
3−+OH−→Ca5(PO4)3OH (5) 
In this study, after treatment with ammonia phosphate  
 
Figure 5  TEM images of the interlocked structure. 
solution, Ca2+ ions from dissolved lime hydrate react with 
PO4
3− ions, and then reprecipitate in the form of hydroxyap-
atite. Through this metasomatic reaction, lime hydrate 
changes to hydroxyapatite and exists as a continuous phase 
(Figure 4d) rather than as separate particles. As a result, the 
porous and broken sandstone blocks are reunited by the 
continuous hydroxyapatite phase, which provides efficient 
reinforcement.  
2.3  Assessment of the conservation efficiency 
The compressive strengths of the untreated and treated 
samples are listed in Table 2. The compressive strength is 
less than 0.05 MPa for the untreated sandstone sample. The 
biomimetic treatment method is very effective because the  
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Table 2  Properties of the samples before and after treatment with a dispersion of lime hydrate and the biomimetic method 
Samples Water uptake (%) Vapor diffusivity (cm s−1) Compressive strength (MPa) 
Untreated 18.61 (1.26) 5.52×10−6 (0.80×10−6) <0.05 
Treated with biomimetic method 18.50 (0.64) 5.26×10−6 (0.60×10−6) 2.50 (0.20) 
 
treated sample has a compressive strength of more than 2.50 
MPa. Undoubtedly, this is caused by the interlocked hy-
droxyapatite structure, which can bind weathered stone 
blocks together and provide substantial reinforcement.  
The results of capillary water uptake test are also listed in 
Table 2. The capillary water uptake of the test blocks is de-
creased after the biomimetic treatment, implying that the 
treatment makes the stone samples more compact and less 
permeable to water. Low capillary action can protect the 
stone against erosion by water and soluble salts or bases.  
The water vapor permeability of test blocks decreases 
only slightly after the biomimetic treatment (Table 2), sug-
gesting that it is a suitable conservation procedure because 
the water vapor permeability is not changed significantly 
and the breathability of the original material is hardly af-
fected [41]. 
The stone samples treated by the biomimetic method 
have good frost and salt resistance. Even after at least 10 
cycles of the freezing-melting experiment, the samples 
maintained an intact appearance and good mechanical 
strength. The losses of weight and compressive strength of 
the treated samples are both less than 5.0% after 10 cycles. 
3  Conclusion 
Biomimetic conservation of historic sandstone with apatite 
was studied. A dispersion of lime hydrate in 1-propanol, 
and ammonia phosphate were introduced into weathered 
stone and then mineralized at room temperature. The re-
sulting interlinked apatite integrated the weathered sand-
stone blocks together, providing reinforcement. The test 
results indicate that this method significantly improves the 
compressive strength and weather resistance of treated stone 
samples. After treatment, the capillary water uptake de-
creased, the water vapor permeability was largely unaffect-
ed and the breathability of the stone samples was retained. 
These results suggest that this biomimetic method is a good 
candidate for the conservation of weathered historic sand-
stone. 
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